The memory system in the brain is conventionally divided into three categories: declarative memory, emotional memory, and procedural memory. We propose yet another type of memory that is one level higher than these normal memories, namely, memory of the"temporal organization of behavior" . This type of memory is thought to be formed and stored in the prefrontal cortex, taking at the cellular level the form of synaptic plasticity. Synaptic plasticity in rat prefrontal cortex is indeed powerfully modulated by dopamine, the critical neuromodulator for the function of this cortex, where abnormalities in the dopamine level lead to abnormalities in prefrontal synaptic plasticity. Abnormal synaptic plasticity is also seen in the prefrontal cortex after injection of the psychoactive drug MK801, which is known to cause schizophrenia-like cognitive dysfunction in humans. MK801 spontaneously induces in rats synaptic potentiation in hippocampus-prefrontal cortex projection, and this abnormal plasticity is indeed accompanied by deficits of hippocampus-prefrontal cortex projection-dependent cognition that involves memory of the temporal organization of behavior. These results show that synaptic plasticity in the prefrontal cortex correlates with cognitive processes that involve this cortex.
Memory systems in the brain
Neurobiology of memory has seen a rapid progress in the last few decades. At present, the conventional categorization of memory system includes at least three types of memory in the brain 1) . The first is"declarative memory" ; i. e. memory of facts and things. Declarative memory is further divided into"semantic memory"and"episodic memory" . Semantic memory is the"standard"type of memory such as"This is University of Paris" . Episodic memory is the memory of oneʼs life event involving things, such as"Oh, this is University of Paris where I worked from 1997 to 2012" . Semantic memory is largely stored in the hippocampus and the related structures 1) , and the episodic memory is thought to be stored in the prefrontal cortex 2) . The second type of memory is"emotional memory" ; i.e. memory of fear, pleasure, sorrow, etc. This type of memory is thought to be stored in the amygdala and hypothalamus 1) . An excess degree of emotional memory may give rise to the post-traumatic stress disorder (PTSD) where, for example, a flashback of aversive events such as memories of war field disturbs oneʼs normal life. The third type is procedural memory; i.e. memory of skills and habits such as"how to drive a car"and"how to get to your school" . This type of memory is stored in the striatum and cerebellum 1) .
Memory of temporal organization of behavior
We have been suggesting for decades (e.g. Goto et al, 2010
3) ) that there is yet another type of memory likely stored in the prefrontal cortex which we would term as"memory of temporal organization of behavior" . This memory can be termed also as"memory of strategy"or"memory of rule" . An example is as follows."You are on the way to your school, and you find that there are no subways today. To go to school, you have to plan an alternative route by using your various memories such as the memory of bus network, town map, and so on." In this case, you use your semantic memories, but you also have to use your memory as to"how to plan an alternative route" . This is a level higher than the normal memories. An analogy of the relationship between this type of memory and the semantic memories is the syntax versus individual vocabularies. You have to have the memory of each word to speak, but you also have to have the memory of language structure (organization) to speak. This latter type of memory is an abstract memory of the behavioral sequence across time, i.e. "the temporal organization of behavior" 4) . We propose that we have the memory for the temporal organization of behavior in order to build and emit our actions effectively 3) .
Prefrontal cortex stores the memory of temporal organization of behavior
We propose that the memory of temporal organization of behavior is stored in the prefrontal cortex.
Earlier experimental works indicate that to pursue a temporally planned behavior, neurons in the prefrontal cortex must be activated (see Fuster, 1995 4) ). Thus, in typical experiments by Fuster and his colleagues, animals perform a strategy-driven action sequence to achieve a goal. Prefrontal neuronal activity increased during this goaldirected behavior. This increased neuronal activity is termed differently depending on which aspect of it was emphasized: e.g. it was termed as"working memory"activity when the short-term mental representation of the goal-direction was emphasized (e. g. Goldman-Rakic, 1995 5) ). But it was termed as"memory cells" 4) when the animalʼ s "remembering"of the behavioral strategy was emphasized. But overall, it can be said that prefrontal neurons are engaged in"executive function" , that is, the strategic intention which directs oneʼs ongoing goal-direction. Then, a more recent study 6) showed that this temporally-structured strategic intention is a memory that requires de novo protein synthesis in prefrontal neurons, thus indicating that prefrontal neurons are where the memory of temporal organization of behavior is formed and stored.
Synaptic plasticity is the substrate for memory in the brain
The synaptic theory of memory from the mid-20th century states that"memory is formed and stored in the brain by increases/decreases in synaptic efficacy" . These synaptic changes are called"synaptic plasticity" . Synaptic plasticity is the neuronal substrate for memory acquisition and storage in the brain. We thus propose that the memory of temporal organization of behavior is stored in the prefrontal cortex under the form of synaptic plasticity.
The best-known experimental example of synaptic plasticity is long-term potentiation, i. e. a long-lasting increase of synaptic efficacy, of glutamatergic synapses. Long-term potentiation is not only an experimental phenomenon but is a physiologically-occurring change in the brain to store memory (e. g. Pastalkova et al, 2006 7) ). Provided with this, it is highly important to characterize long-term potentiation in the prefrontal cortex in order to understand the memory system in the prefrontal cortex.
Long-term potentiation in the prefrontal cortex depends on dopamine
Thus, in the effort to understand the relation between long-term potentiation in the prefrontal cortex and the memory function of this cortex, we first focused on dopamine, since dopamine is a highly critical neuromodulator for prefrontal cortex function. Abnormal levels of dopamine trigger a number of psychiatric conditions such as schizophrenia, depression, and ADHD with impairments in the executive function involving the behavioral planning (see Goto et al, 2010 3) ).
Particularly, it is known that the relation between the level of dopamine and the prefrontal cortex-dependent cognitive processes follows the "inverted-U shape curve" , where too high or too low levels of dopamine disturb cognition 3) . We found the same relation between the dopamine level in the prefrontal cortex and the induction of long-term potentiation in the prefrontal cortex 8) ( Figure-1 ). This indicates that the dopamine level finely determines in the prefrontal cortex whether or not an up-regulation of glutamatergic synapses should occur, which is analogous to the dopamine role in prefrontal cortex-dependent cognition.
Abnormal long-term potentiation in the prefrontal cortex impairs cognition
As mentioned above, dopamine-tuned physiological induction of synaptic plasticity (long-term potentiation in this case) in glutamatergic synapses is thought to be important for prefrontal function. It is indeed thought generally that optimal levels of dopamine in the prefrontal cortex lead to optimal regulations of glutamatergic synaptic transmission in the prefrontal cortex, securing the physiological functioning of this cortex 9) .
This leads to the assumption that abnormal synaptic plasticity in glutamatergic synapses disrupts prefrontal function through competing with the normal plasticity processes. We thus investigated whether drug-induced abnormal synaptic plasticity in the prefrontal cortex affects prefrontal cortex-dependent cognition. For this purpose, we used MK801, a non-competitive antagonist of NMDA glutamate receptors that causes schizophrenia-like cognitive abnormalities in humans.
We found that, unexpectedly, MK801 spontaneously induces long-term potentiation in the hippocampus-prefrontal cortex glutamatergic projection 10) ( Figure-2 ). This long-term potentiation involves no stimulation for induction, which therefore is event-unrelated and abnormal, and it was accompanied by deficits of the memory of temporal organization of behavior (delayed alternation in Y maze in this case) that depends on the intact hippocampus-prefrontal cortex projection. Although the precise induction mechanism of this abnormal plasticity is still unclear, this novel phenomenon provides a cellular evidence for the"glutamatergic hypothesis"of schizophrenia, where a disruption in glutamatergic synaptic function is thought to give rise to schizophrenia cognitive symptoms 11) . It is thought that the abnormal plasticity disturbed normally-formed synaptic net- Figure-1 The relationship between the induction of longterm potentiation (LTP) in the prefrontal cortex and the level of dopamine follows the inverted-U shape curve. work that supports normal memory traces in the prefrontal cortex.
Conclusion
The prefrontal cortex stores a type of memory, i. e. the memory of temporal organization of behavior. This memory is likely to be supported by synaptic plasticity in prefrontal neurons. Disruption of this memory network by an abnormal induction of plasticity in the prefrontal cortex disrupts the prefrontal cortex-dependent cognition. We suggest that there is a causal relation between plasticity in the prefrontal neuronal network and the prefrontal memory function.
